Interaction between noradrenaline or adrenaline and the β1-adrenergic receptor in the nervous system triggers early metamorphosis of larvae in the ascidian, Ciona savignyi  by Kimura, Yukiko et al.
Interaction between noradrenaline or adrenaline and the 1-adrenergic
receptor in the nervous system triggers early metamorphosis
of larvae in the ascidian, Ciona savignyi
Yukiko Kimura,* Manabu Yoshida,1 and Masaaki Morisawa
Misaki Marine Biological Station, Graduate School of Science, The University of Tokyo, Miura, Kanagawa 238-0225, Japan
Received for publication 20 August 2002, revised 10 February 2003, accepted 20 February 2003
Abstract
Molecular mechanisms underlying the metamorphosis of larvae, e.g., ligand and receptor interaction, have to be determined and roles
for the nervous system in marine invertebrates are not well understood. We report here that treatment of swimming larvae of the ascidian
Ciona savignyi with noradrenaline or adrenaline promoted morphological changes in early metamorphosis, e.g., tail resorption. Antagonists
of the -adrenergic receptor, propranolol, and the 1-adrenergic receptor, metoprolol, inhibited the noradrenaline-induced tail resorption,
while an antagonist of the -adrenergic receptor, phentolamine, and of the 2- adrenergic receptor, butoxamine, had no inhibitory effects.
In addition, a selective agonist of the -adrenergic receptor, isoproterenol, the concentration of which was lower than the effective
concentration of the neurotransmitters, facilitated tail resorption. Immunohistochemical studies, using an anti-dopamine-hydroxylase
antibody, showed that neurotransmitters such as noradrenaline and adrenaline localized around the brain vesicle of the larvae during
metamorphosis. The 1-adrenergic receptor stained with antibodies was localized on the nervous system. Temporal expression of the
1-adrenergic receptor was intense in the nervous system in the larvae competent for metamorphosis. We propose that interactions between
noradrenaline or adrenaline and the 1-adrenergic receptor in the nervous system mediate the process of metamorphosis of Ciona larvae.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Metamorphosis is an important step of development of
many animal species. Mechanisms related to metamorpho-
sis have been widely investigated in amphibians and insects.
On the other hand, metamorphosis of ascidians and other
marine invertebrates has been known less than that of am-
phibians and insects. In the larvae of several marine inver-
tebrates, some chemicals were found to induce settlement
and metamorphosis (Meadows and Campbell, 1972; Burke,
1983). Such cues may have been taken from microbial
films, a prey species, or other members of the settling
species may attract larvae toward a preferred substratum.
Furthermore, participation of various neurotransmitters in
the settlement of larvae on the substratum and the following
metamorphosis have been found in various marine inverte-
brates: choline in the gastropod, Phestilla sibogae;
L-DOPA in the gastropods, Crassostrea gigas, Mytlus edu-
lis, and Pecten maximus, and in the polychate, Pharagam-
topoma lapidosa; dopamine in the echinoid, Dendraster
excentricus; and GABA in the gastropods, Haliotis rufe-
scens and Aplysia spp. (Rodriguez et al., 1993). The 1-
adrenergic receptor was suggested to mediate metamorpho-
sis of the oyster, C. gigas (Coon and Bonar, 1987), although
the relationship between ligand–receptor and the target or-
gan in the metamorphosis has remained to be defined. The
participation of the nervous system needed to control early
extensive and rapid morphological changes in metamorpho-
sis in these species has remained to be investigated.
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Recently, it was reported that apoptosis is involved in the
tail resorption in Ciona (Chambon et al., 2002). Bishop et
al. (2001) showed that nitric oxide/cGMP signaling in-
volves regulation of ascidian metamorphosis. It is also no-
table that a protein called Hemps, a novel EGF-like protein,
is considered to play some roles for metamorphosis in the
ascidian, Herdmania curvata (Eri et al., 1999). Hence,
unique and common mechanisms may underlie the meta-
morphosis of ascidian larvae. Ascidian larvae spend a short
free-swimming period as tadpole larvae, after which the
larvae complete metamorphosis. The metamorphosis of as-
cidians usually begins with settlement on a substratum with
adhesive papillae. Then, tail resorption, body axis rotation,
degeneration of larval tissues, and differentiation of adult
tissues sequentially and juveniles are evident within 1–2
days. The process of metamorphosis has been studied mor-
phologically (Cloney, 1978; Sato, 1996).
Studies on the initiation of metamorphosis in ascidians
have been restricted, as in other marine invertebrates, to the
roles of chemicals such as heavy metals, vital dyes, cations,
hormones (Lynch, 1961; Patricolo et al., 2001), and several
marine natural products from colonies of ascidians or
sponges (Tsukamoto et al., 1993, 1999). There is documen-
tation on the roles of neurotransmitters in the metamorpho-
sis of ascidian as well as other invertebrate species, but it
has been sparse. Acetylcholine and high potassium ion were
reported to induce metamorphosis of ascidians (Conglio et
al., 1998; Degnan et al., 1997). The nervous structures
found in ascidian adhesive papillae were considered to con-
tribute toward recognition of the substratum and to the
initiation of metamorphosis (Takamura, 1998). These find-
ings suggest that neurotransmitter signaling through the
nervous system is an integral step in signal pathways for
unique ascidian metamorphosis.
We examined ligand and receptor interactions and roles
of the nervous system to better understand molecular mech-
anisms underlying metamorphosis in the ascidian, Ciona.
Our data provide evidence that interaction between nor-
adrenaline or adrenaline and the 1- adrenergic receptor
causes ascidian metamorphosis, and that binding of the
neurotransmitters and the 1-adrenergic receptor in the ner-
vous system mediates processes of metamorphosis of Ciona
larvae.
Materials and methods
Materials
Specimens of the ascidians Ciona savignyi and Ciona
intestinalis collected from Onagawa Bay, Miyagi Prefec-
ture, Ootsuchi Bay, Iwate Prefecture, and Yokohama Bay,
Fig. 1. Metamorphosis of Ciona larvae in normal development and under the influence of noradrenaline (NA). (A) The larvae at 4 h after hatching swam
freely. They were composed of adhesive papillae (ap), and trunk (tr) with the brain vesicle (bv) at the center of it and the tail (t). (B) Some swimming larvae
settled on the bottom of the plastic dish with their adhesive papillae (ap) at 5–7 h after hatching, but some were still in the swimming stage at more than
6 h after hatching. After settlement, the tail (t) began to be resorbed, and the length of the tail decreased. (C) The tail disappeared completely, and the remains
of the resorbed tail (rt) remained at the posterior end of the larvae at 10 h after hatching. Larvae settled with the stron (s) that appeared after disappearance
of the adhesive papillae. (D) After tail resorption, the body axis rotated and adult organs, i.e., the endostyle (e), gill slit (g), branchial siphon (bs), were
differentiating in the larva 2 days after hatching. (E) Larvae at 10 h after hatching were still in the swimming stage in the dish coated with BSA. (F) Larvae
treated with NA began metamorphosis 10 h after hatching. The adhesive papillae and the tail disappeared. Scale bar: 200 m (A and E), 100 m (B–D
and F).
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Kanagawa Prefecture were kept in aquaria under constant
light to prevent spontaneous spawning. Eggs and sperm
were obtained by dissecting the abdomen and inserting a
pipette into the gonoducts. Eggs were inseminated with
sperm from another specimen. The fertilized eggs were kept
in a plastic dish containing artificial seawater (ASW: 460
mM NaCl, 10.1 mM KCl, 9.18 mM CaCl2, 35.9 mM
MgCl2, 17.5 mM MgSO4, 10 mM Hepes at pH 8.2) at 20°C
until hatching, then 30 larvae were transferred to 4.5 ml
ASW in a 35  10-mm sterilized plastic dish and kept at
20°C. The dish had been coated with bovine serum albumin
(BSA), since the larvae were trapped on the surface of ASW
and died in non-BSA-coated dishes.
Treatment of neurotransmitters and related compounds
Neurotransmitters and their agonists were added to the
larvae at 6 h after hatching. Antagonists of the neurotrans-
mitters were added at 2 h after hatching, and then 104 M
noradrenaline was added after 30 min. Tail resorption was
defined when tails of the larvae became one-third of the
usual total length. Proportion of tail resorption (number of
larvae with tail resorption/number of total larvae) was esti-
mated 10 h after hatching. When noradrenaline sensitivity
of the larvae was investigated, 104 M noradrenaline was
added at 0, 4, or 6 h after hatching, and the proportion of tail
resorption was measured every 1 h. These experiments were
repeated three times. P values given are the results of t test.
Noradrenaline, adrenaline, thyroxin, octopamine, seroto-
nin, isoproterenol, phentolamine, propranolol, metoprolol,
and butoxamine were purchased from Sigma-Aldrich Co.
(Germany); dopamine, GABA, and glutamate were from
Wako Pure Chemical Industries, Ltd. (Japan); DOPA and
acetylcholine were from Nacalai tesque, Inc. (Japan).
Immunohistochemistry
For immunohistochemical observations, we followed the
procedures of Takamura (1998) but with some modifica-
tions. Larvae were fixed with 4% paraformaldehyde in
ASW at 4°C for 2 h, then dehydrated in a graded series of
ethanol and stored at 80°C until use. These specimens
were hydrated and washed in phosphate-buffered saline
(PBS) containing 0.05% Tween 20 (PBS-T), then were
immersed in 3% BSA/PBS-T for several hours to block
nonspecific reactions.
Localization of dopamine -hydroxylase was detected as
follows. The larvae were incubated for 2 days at 4°C with
an anti-dopamine -hydroxylase antibody (Protecs Biotech
Corporation, USA) which was diluted 1:10,000 in 0.1%
BSA/PBS containing 4% Triton X-100, and then were
washed three times for 3 h each in PBS-T. Rhodamine-
conjugated anti-rabbit IgG antibody (Chemicon Interna-
tional, Inc., USA) diluted 1:2000 in 0.3% BSA/PBS-T was
added as a second antibody, and the specimens were incu-
bated overnight. After washing three times for 3 h each in
PBS-T, the larval specimens were mounted in 80% glycerol.
To detect the 1-adrenergic receptor, specimens which
had been immersed in BSA/PBS-T were incubated over-
night at 4°C with polyclonal anti-1-adrenergic receptor
antibody (Affinity BioReagents, Inc., USA) diluted 1:500 in
0.3% BSA/PBS-T. The specimens were washed three times
for 3 h each in PBS-T. The specimens were then incubated
overnight in the second antibody (the biotinylated anti-
rabbit IgG) diluted 1:400 in 0.3% BSA/PBS-T, and stained
using Vectastain ABC Kits (Vector Laboratories, Inc.,
USA). After staining, the preparations were cleared in
BABB (1:2 mixture of benzyl alcohol:benzyl benzoate). For
double staining with GFP, the second antibody was replaced
by use of a rhodamine-conjugated anti-rabbit IgG antibody
followed by treatment with BABB.
Specimens were observed under a microscope (LEITZ
DMR, Leica, Germany) or confocal laser-scanning micro-
scope (LSM-GB200, Olympus, Japan). Photographs were
taken by using a digital camera (Spot RT., Diagnostics
Fig. 2. Effect of noradrenaline (NA) on tail resorption. NA at the concen-
tration of 104M was added at 0, 4, and 6 h after hatching (arrows). The
y-axis represents proportion of tail resorption. Tail resorption began 11 h
after hatching in each control (open boxes in A, B, or C) without treatment
of NA. When NA was added at 0 (A) or 4 (B) h after hatching (filled
diamonds), the proportion of tail resorption began to increase at 5 h after
hatching. When NA was added 6 h after hatching (C), the proportion of tail
resorption began to increase immediately, suggesting that NA promoted
metamorphosis and that sensitivity of metamorphosis to NA is switched on
at 4–5 h after hatching. Data are means  SD of 3 experiments with 30
larvae.
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Fig. 3. Localization of noradrenaline (NA) and adrenaline (AD) in the larvae. Staining of dopamine -hydroxylase (DBH), which is a marker of NA and AD,
was not found in newly hatched larvae (A). The staining appeared in front of the brain vesicle (long arrow), in the brain vesicle (short arrow) and visceral
ganglion (arrowhead) in competent larvae 6 h after hatching (B). No specific staining was seen in control larvae at 6 h after hatching (C). Spots with strong
fluorescence (arrows in Fig. 3B) that were connected to each other were observed in front of the brain vesicle (bv) when observed by confocal microscopy
(D). The staining pattern did not change in larvae 8 h after hatching (E). Glyoxylate-induced fluorescence was detected near the brain vesicle (arrow) in the
competent larvae 6 h after hatching (F). Round cells with green autofluorescence are the test cells. Scale bar: 10 m (D), 200 m (A, E, and F), and 100
m (B and C).
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Instruments, Inc., USA). As controls, larvae were processed
as described above, but we substituted the primary antibody
with rabbit IgG (Vector Laboratories, Inc., USA). The lar-
vae in all stages were stained under identical conditions.
Staining for catecholamines
Catecholamines in the larvae were detected by using
glyoxylic acid methods reported by Vorontsova and Nezlin
(1988) and Torre and Surgeon (1976). The larvae were
immersed in glyoxylic acid solution (2% glyoxylic acid,
0.5% DMSO, 0.1 M phosphate buffer, at pH 7.0) at 20°C
for 60 min, then were removed from the solutions and
placed on a glass slide. Solution surrounding the larvae was
removed by using paper, and the larvae were air-dried at
room temperature for 30 min. The specimens were heated at
90°C for 10 min. Drops of mineral oil were placed on the
larvae and covered with a cover slip. Fluorescence from the
specimen was observed under a Lietz DMR microscope,
and photographs were taken with a digital camera.
Detection of neural cells
The expression vector, pBS-sytpr-GFP, containing the
3.4 kb of 5 upstream sequences of the Halocynthia synap-
totagmin (syt) gene and enhanced green fluorescent protein
(EGFP) cDNA, was the generous gift of Dr. Y. Okamura
(Okazaki National Research Institutes). For transfection, 10
ng/l pBS-sytpr-GFP was injected into a fertilized egg. The
developed larva was fixed at 6 h after hatching, and GFP
signals were observed under a fluorescence microscope.
Photographs were taken as described above.
Amputation of larvae
Larval body was separated into two portions by using a
razor blade at 7 h after hatching. Larvae were cut at the
junction of the trunk and tail or at the anterior portion of the
brain vesicle. The amputated larval fragments were cultured
on the same condition described previously. Noradrenaline
at the concentration of 104 M was added at 9 h after
hatching, and the proportion of tail resorption was measured
at 1 h after treatment with noradrenaline. These experiments
were repeated 3 times each with 30 larvae. P values given
are the results of t test.
Results
Noradrenaline and adrenaline promoted metamorphosis
Larvae of C. savignyi hatched at about 16 h after fertil-
ization at 20°C and swam freely for several hours (Fig. 1A).
Some settled on the plastic dish, using adhesive papillae at
5–7 h after hatching in a noncoated dish, and the others
continued to swim 1–2 days after hatching and either settled
or died. Tail resorption began in settled larvae (Fig. 1B), and
the tail completely disappeared in 1–2 h after settlement
(Fig. 1C). After most of the tail has been resorbed, body axis
rotated and adult organs differentiated in 2 days (Fig. 1D).
The potential for neurotransmitters to promote metamor-
phosis was then examined (Figs. 1 and 2, and Table 1). The
dishes were coated with BSA to prevent larvae floating on
the surface of the seawater and dying. In the BSA-coated
dish, start of tail resorption of the larvae was delayed for
several hours. Therefore, in control larvae with no noradren-
aline (NA) treatment, tail resorption began at about 11 h
after hatching (Fig. 2A–C). However, when NA was added
at 0 or 4 h after hatching, the proportion of tail resorption
began to increase at 5 h after hatching (Fig. 2A and B).
When NA was added at 6 h after hatching, the proportion of
increase in tail resorption began simultaneously (Fig. 2C).
Features of NA-untreated (Fig. 1E) and NA-treated larvae
(Fig. 1F) were the same as those seen on larvae in non-
BSA-coated dishes (cf. Fig. 1A and C); the adhesive papil-
lae were disrupted and the tail was shortened. Observation
under a microscope showed that most of the control larvae
in the BSA-coated dish settled on the dishes prior to tail
resorption. However, larvae treated with NA ceased to swim
before metamorphosis, and tail resorption began without
settlement. The NA-treated larvae died after development of
stron, an organ in the juvenile used for settlement, under
continuous treatment with NA. However, if NA was re-
moved after the initiation of metamorphosis, the larvae
developed into normal juveniles. The pattern of tail resorp-
tion in the larvae treated with adrenaline (AD) at the con-
centration of 104 M was similar to that treated with NA
(Table 1). Effects of NA were then tested.
Other neurotransmitters, dopamine, DOPA, thyroxine,
acetylcholine, octopamine, GABA, serotonin, and gluta-
mate (Table 1), did not promote tail resorption. NA pro-
moted tail resorption not only in the larvae of C. savignyi
but also in C. intestinalis (data not shown). NA did not
Fig. 4. Effects of agonists of adrenergic receptor on tail resorption. Iso-
proterenol, -selective agonist (filled triangles) promoted tail resorption at
lower concentration than the concentration of noradrenaline (open dia-
monds) and adrenaline (open boxes). Proportions of tail resorption of
larvae treated with 106M NA and AD were 0 and 4.4%, respectively. On
the other hand, 106 M isoproterenol was 77.8% (PNA  5.7  103 and
PAD  4.8  103). Each reagent was treated at 6 h after hatching, and
proportion of tail resorption was estimated 10 h after hatching. The y-axis
represents proportion of tail resorption. Data are means  SD of 3 exper-
iments with 30 larvae.
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change the time course of tail resorption in larvae of Halo-
cynthia roretzi, but the number of larvae with tail resorption
increased to some extent (data not shown). These mecha-
nisms of metamorphosis may differ in suborders of ascidian
(Cloney et al., 1971).
Localization of noradrenaline and adrenaline
Dopamine -hydroxylase (DBH) is an enzyme which
catalyzes the conversion of dopamine to NA and acts on the
synthesis of AD; hence, immunohistochemistry with an
anti- DBH antibody serves as a good marker for studying
the localization of NA and AD. The anti- DBH antibody that
was used for immunohistchemistry in the present study
recognized a single band on a Western blot that is suitable
size for DBH with larvae of C. savignyi (data not shown).
As shown in Fig. 3A, there was no specific staining in the
newly hatched larvae. On the other hand, region in front of
the brain vesicle (long arrow), anterior peripheral region of
the brain vesicle (short arrow), and visceral ganglion (ar-
rowhead) were stained in competent larvae (the larvae at 6 h
after hatching; Fig. 3B). No specific staining was seen in
control larvae at 6 h after hatching (Fig. 3C). In addition,
spots with strong fluorescence (arrows in Fig. 3B) that were
connected to each other were also observed in front of the
brain vesicle when observed by confocal microscopy (Fig.
3D). Since there are neurons in the regions, it is possible
that DBH is present in the neurons of the portion. The
staining was weak in larvae at 2 h after hatching (data not
shown). The pattern of staining in the larvae during tail
resorption (the larvae at 8 h after hatching) was the same as
that in competent larvae (Fig. 3E).
The catecholamine fluorescence produced by treatment
with glyoxylate was evident around the brain vesicle in
competent larvae (Fig. 3F). However, the pattern of fluo-
rescence differed in each sample, and in some samples, the
fluorescence spread around in front of the otolith and was
observed in the portion behind the ocellus in other samples.
This event may be due to inevitable damage of tissues
during preparation, e.g., heating treatment (see Materials
and methods). Catecholamines were detected through the
swimming stage, and amounts seemed to increase during
development (data not shown). The data on DBH and cat-
echolamines stainings suggested that NA and AD localize
around the brain vesicle and visceral ganglion of larvae and
that the neurotransmitters we used play a key role in pro-
moting metamorphosis.
Role of 1-adrenergic receptor in metamorphosis
Since NA and AD localize around the brain vesicle and
may promote metamorphosis, the adrenergic receptor (AR)
may participate in the metamorphosis. An agonist of selec-
tive -AR, isoproterenol, promoted tail resorption at a con-
centration lower than that of NA and AD (Fig. 4). Propor-
tions of tail resorption of larvae treated with 106 M NA
and AD were 0 and 4.4%, respectively, at 10 h after hatch-
ing. However, the proportion of tail resorption of larvae
treated with 106 M isoproterenol was 77.8%. Events re-
lated to tail resorption by the reagent were the same as those
seen with NA or AD.
Phentolamine, an antagonist of -AR, had no effect on
the NA-promoted tail resorption (Fig. 5A); however, a -se-
lective AR antagonist, propranolol, did have inhibitory ef-
Fig. 5. Effects of antagonists of the adrenergic receptor on noradrenaline (NA)-promoted tail resorption. (A) Phentolamine (PA), an -adrenergic receptor
antagonist, did not inhibit tail resorption. (B) However, propranolol (PP), a -adrenergic receptor antagonist, did inhibit tail resorption. Treatment of 107M
and 106M propranolol in the presence of NA decreased the proportion of tail resorption to 14.4% (P  1.1  102) and 2.2% (P  1.97  1020),
respectively. (C) Metoprolol (MP), a 1-adrenergic receptor antagonist, inhibited the proportion of tail resorption to 11.1% (P  5.3  104) at a
concentration of 105M. (D) Butoxamine (BX), a 2- adrenergic receptor antagonist, had no inhibitory effect. Each reagent was treated at 2 h after hatching
of the larvae, then 104M NA was treated after 30 min, and the proportion of tail resorption was estimated 10 h after hatching. The y-axis represents
proportion of tail resorption. Data are means  SD of 3 experiments with 30 larvae.
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fects. Treatment of 107 M and 106 M propranolol in the
presence of NA decreased the proportion of tail resorption
to 14.4 and 2.2%, respectively (Fig. 5B). Furthermore,
metoprolol, a 1-AR antagonist at a concentration of 105
M, inhibited the proportion of tail resorption to only 11.1%
(Fig. 5C). Butoxamine, a 2-AR antagonist, had no inhibi-
tory effect (Fig. 5D). Larvae treated with propranolol or
metoprolol continued swimming normally and metamor-
phosed in the following day. Larvae treated with propran-
olol or metoprolol and without NA also had a delayed
metamorphosis. These results suggest that interaction be-
tween NA or AD and 1-AR mediated the metamorphosis.
1-Adrenergic receptor expression
Immunostaining of the larvae with anti-1-AR antibody
showed a temporal and spatial distribution of 1-AR in
larvae. In the tail bud embryo, 1-AR-immunopositive cells
were nil (Fig. 6A). 1-AR staining was evident in the newly
hatched larvae at regions of the adhesive papillae, brain
vesicle, which envelops the otolith and ocellus, and neuron-
like fibers protruded toward the tail (Fig. 6B). In the com-
petent larvae (Fig. 6C), staining of 1-AR still localized at
the same organelle and fibers. The staining became more
intense than the newly hatched larvae, especially in the
fibers, which lengthened from the adhesive papillae to the
brain vesicle and lengthened from the brain vesicle to tip of
the tail. No specific staining was seen in control larvae at 6 h
after hatching (Fig. 6D). High-magnification photographs of
Fig. 6C showed that three fibers branched and were clearly
stained at the rear region of the brain vesicle (Fig. 6E) and
that several fibers in the adhesive papillae were stained (Fig.
6F). Upon observation of the tail by confocal microscopy,
fibrous structure was stained, suggesting that 1-AR is
present in the neuron of the portion (Fig. 6G). Localization
of 1-AR in the larvae did not change during tail resorption,
though the staining did decrease with time (Fig. 6H). The
temporal expression of 1-AR indicated that interactions
between neurotransmitters and the 1-AR mediate the pro-
cess of ascidian metamorphosis.
Localization of 1-AR in nerve fibers of the larvae was
clearly evident when using the expression vector, pBS-
sytpr-GFP, which contained 3.4 kb of 5 upstream se-
quences of the Halocynthia synaptotagmin (syt) gene and
EGFP cDNA. The promoter region of syt gene drives gene
expression in both epidermal cells and most neurons of the
larval central nervous system in H. roretzi (Katsuyama et
al., 2002). However, the syt promoter drives gene expres-
sion only in neural cells in C. intestinalis (Okada et al.,
2001). Therefore, we used it as a marker of neural cells. In
larvae transfected pBS-sytpr-GFP, the 1-AR staining de-
tected using the anti-1-AR was observed in fibers which
lengthened from the adhesive papillae to the brain vesicle
and lengthened from the brain vesicle to the tip of tail (Fig.
7A). The expression of the GFP was detected throughout the
nervous system in adhesive papillae, around the brain ves-
icle and fibers from the brain vesicle to tail region in the
transfected competent larvae (Fig. 7B). The GFP signal was
strongly expressed around the brain vesicle. Three areas
with the strong fluorescence observed in Fig. 7B may cor-
respond to the three fibers that were observed in Fig. 6D.
The expression pattern of GFP in C. savignyi was the same
as that in C. intestinalis, so the syt promoter drives gene
expression also in neural cells in C. savignyi. Overlay of the
GFP expression image with the 1-AR staining images (Fig.
Table 1
Effects of transmitters and hormone on tail resorption
Reagent Conc.
log10[M]
Proportion of
tail resorption (%)a
P values
Control — 2.2  1.9b
Noradrenaline 3 98.9 1.9 4.0  104 d
4 97.8  3.8 9.5  104 d
5 21.1  23.6 2.9  101
6 0.0  0.0 1.8  101
Adrenaline 3 70.0 20.3 3.1  102 d
4 90.0  6.7 2.1  103 d
5 11.1  8.4 1.6  101
6 4.4  5.1 5.2  101
Dopamine 3 53.3 32.8 1.2  101
4 1.1  1.9 6.7  101
5 0.0  0.0 1.8  101
6 0.0  0.0 1.8  101
DOPA 3 8.9 3.8 7.4  102
4 13.3  8.8 1.8  101
5 5.6  5.1 4.7  101
6 5.6  5.1 4.2  101
Thyroxine 5 4.4 1.9 4.2  101
6 0.0  0.0 1.8  101
7 0.0  0.0 1.8  101
Acetylcholine 2 4.4 5.1 6.3  101
3 6.7  5.8 4.2  101
4 2.2  3.8 1.0
5 6.7  5.8 4.2  101
Octopamine 2 2.2 3.9 1.0
3 4.4  5.1 5.2  101
4 0.0  0.0 1.8  101
5 0.0  0.0 1.8  101
GABA 2 7.8 6.9 3.4  101
3 8.9  8.4 3.7  101
4 13.3  8.8 1.8  101
5 12.2  10.7 2.7  101
Serotonin 2 8.9 6.9 2.3  101
3 16.7  10.0 1.7  101
4 8.9  10.2 4.4  101
5 12.2  9.6 2.7  101
Glutamate 2 5.6 6.9 4.8  101
3 7.8  6.9 3.7  101
4 11.1  5.1 1.6  101
5 7.8  3.8 2.0  101
BSAc — 42.2  9.6 2.7  102 d
a Each reagent was added at 6 h after hatching, and proportion of tail
resorption was estimated 10 h after hatching.
b Data are means  SD. n  3 with each 30 larvae.
c Note that tail resorption occurred about in 40% larvae in non-BSA-
coated dishes.
d Student’s t test.
P  0.05.
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7C) clearly showed the 1-AR expression on nerve fibers in
larvae of C. savignyi.
Tail resorption of larval fragments
Competent larvae at 7 h after hatching were cut at the
junction of the trunk and tail. Fragment of larvae was treated
with 104 M NA from 9 h after hatching, and proportion of
tail resorption was measured at 1 h after treatment with NA.
The proportion of tail resorption of intact larvae was 85.6
13.9% in the presence of NA. On the other hand, tail
resorption was not observed in the tail fragment at 1 h after
treatment with NA. Proportion of tail resorption was only
1.1 1.9% (P 7.4 103). When a larva was amputated
at the anterior part of the brain vesicle, the tail was also not
resorbed. Proportion of tail resorption was 11.1  7.7% (P
 6.2  103). Without treatment with NA, amputated
larvae did not metamorphose as the same case as intact
larvae (0.0  0.0%). These results suggest that the anterior
part of the brain vesicle is indispensable for transmitting the
signal promoting tail resorption by NA.
Discussion
Role of neurotransmitters in metamorphosis
We found that the neurotransmitters, NA and AD with
similar structures, promoted metamorphosis of larvae in
ascidians C. savignyi (Table 1, and Fig. 2) and C. intesti-
nalis. On the other hand, thyroxine and acetylcholine, which
have been considered to promote metamorphosis in the
ascidian, C. intestinalis (Patricolo et al., 2001; Conglio et
al., 1998), had no effect on metamorphosis in both C.
savignyi (Table 1) and C. intestinalis. One possible expla-
nation is that acetylcholine facilitates larval swimming
(Conglio et al., 1998), which may allow larvae to touch the
substratum more easily and promote settlement. However,
we found no such behavior in Ciona larvae in the presence
of NA, suggesting that NA is the true factor for inducting
metamorphosis of the species.
NA and AD, which were effective in the promotion of
metamorphosis of Ciona, had little effect on the metamor-
phosis of H. roretzi. According to Cloney (1978), tail re-
sorption in Ciona larvae is caused by contraction of the
epidermis, but in Halocynthia, contraction of notochordal
cells causes tail resorption (Ishikawa, 1984). This difference
in the mode of action may relate to different roles of neu-
rotransmitters in the metamorphosis in both species.
Metamorphosis of the ascidian larvae began at 5–7 h
after hatching in non-BSA- coated dishes. Some larvae first
settled on the substratum, then tail resorption began. How-
ever, as a number of larvae were trapped on the surface of
the seawater, surface tension may be involved. Coating of
the bottom surface of the dish with BSA avoided the float-
ing and dying of the larvae. However, the order of the
metamorphosis occurred normally: Settlement occurs first,
and subsequently, the tail is resorbed, though the time of
Fig. 7. Colocalization of 1-adrenergic receptor and the neural marker, pBS-sytpr-GFP, in the competent larvae transfected pBS-sytpr-GFP. (A) Staining of
1-adrenergic receptor detected by rhodamine-conjugated anti-rabbit antibody (see Materials and methods) located on the adhesive papillae (large arrowhead),
around the brain vesicle (small arrowhead) and fibers along the notochord (arrow). (B) Expression of GFP in the larvae (a marker of the neural cells) (see
Results), was also observed in the adhesive papillae (large arrowhead), around the brain vesicle (small arrowhead), and in fibers along the notochord (arrow).
(C) The overlay of (A) and (B) showed that the 1-adrenergic receptor and the GFP expression were colocalized in the transfected larvae, indicating that the
1-adrenergic receptor localizes in the neuron. Scale bar: 50 m.
Fig. 6. Localization of the 1-adrenergic receptor in the metamorphosis stages. Larvae were stained with an anti-1-adrenergic receptor antibody and
visualized by using the ABC technique. (A) No specific staining was seen in the tailbud embryo (10 h after fertilization.). (B) Immunopositive staining was
observed in the adhesive papillae (arrow) and in fibers that located from the brain vesicle to the end of the tail (arrowheads) in newly hatched larvae. (C)
Localization of the staining in competent larvae (6 h after hatching) was the same as that in (B), and the staining was strong in the fibers (arrow and
arrowheads). (D) No specific staining was seen in control larvae (6 h after hatching). (E) High magnification of (C) showed clear features of expression of
the receptor behind the brain vesicle in competent larvae. (F) High magnification of (C) showed a clear existence of the receptor in the fibers at the adhesive
papillae in competent larvae. (G) Tail of competent larvae (6 h after hatching) was observed by confocal microscopy. (H) Localization of staining was the
same as that of competent larvae (C) in the larvae during tail resorption (10 h after hatching). tr, trunk; t, tail; ap, adhesive papillae; bv, brain vesicle; ot,
otolith; oc, ocellus. Scale bar: 50 m (A, B, and E), 100 m (C, D, and H), and 25 m (F and G).
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these events to occur was delayed for several hours (Fig. 2,
and Table 1), perhaps due to a simple interference by BSA.
Treatment with NA in BSA-coated dishes caused tail re-
sorption without settlement then disruption of the adhesive
papillae, a sign that settlement had occurred. The reversal of
order, settlement to tail resorption in non-NA seawater, and
tail resorption to settlement in the presence of NA suggests
that NA may regulate the process of metamorphosis after
settlement with the adhesive papillae. In other words, it is
possible that NA affects a step in the downstream of settle-
ment, i.e., tail resorption in the normal metamorphosis of
ascidian larvae that become competent to metamorphose at
5–7 h after hatching.
Role of the nervous system in metamorphosis
Dopamine -hydroxylase, which mediates the synthesis
of NA and AD, localized in front of the brain vesicle and
visceral ganglion (Fig. 3B, C, and E). This localization was
similar to spatial expression pattern based on whole-mount
in situ hybridization CLSTR 02026rl, which is one of the
potential orthologues of DBH in the Ghost Database (Satou
et al., 2002). The precise localization of catecholamines
could not be determined by using glyoxylate- induced flu-
orescence, but the existence of catecholamines was always
detected around the brain vesicle (Fig. 3F). There is evi-
dence suggesting that the adhesive papillae and the brain
vesicle are connected with neurons in ascidians larvae
(Takamura, 1998), and synthesis of NA and AD in mam-
malian nervous systems is known (Lefkowitz et al., 1996).
The localization of the enzyme and the catecholamines
suggests that NA or AD is synthesized and secreted in the
ascidians from region behind the adhesive papillae (nf1), the
part ahead of the brain vesicle (bv) and visceral ganglion
(vg) (Fig. 8). However, in our experiments, the neurotrans-
mitters were never evident in the adhesive papillae and tail,
although both have nerve fibers. The adhesive papillae have
been considered to receive stimuli from the environment or
chemical inductive cues for settlement of larvae (Hirai,
1964). In the present study, treatment with NA in BSA-
coated dishes caused tail resorption without settlement, sug-
gesting that NA or AD regulates the process of metamor-
phosis that occurs after settlement of larvae with the
adhesive papillae. It is possible that settlement with the
adhesive papillae may cause the release of NA or AD from
nerve fibers behind the adhesive papillae (nf1, bv, and vg in
Fig. 8) in order to process signal transduction pathways
indispensable for tail resorption. However, signals triggered
by environmental cues (EC), which transmit from the ad-
hesive papillae to the nerve fiber (nf1), are unknown.
We obtained evidence for the existence of adrenergic
receptor (AR) in ascidian larvae, and 1-AR mediates NA-
or AD- induced metamorphosis of Ciona larvae (Figs. 4 and
5). Two types of AR, such as -, -types, and several
subtypes have been identified in several vertebrate species,
where NA and AD act on the nervous system as neurotrans-
mitters and also act on the target tissues directly as hor-
mones (Lefkowitz et al., 1996). -AR plays roles in cell
functions in mammals: contraction of cardiac muscle, con-
trol of lipolysis in fat cells, and the regulation of neurose-
cretion, etc. (Lefkowitz et al., 1996). In a marine inverte-
brate, the oyster C. gigas, NA and AD induced
metamorphosis without the oyster searching the substratum
for settlement (Coon et al., 1985). 1-AR is involved in
larval metamorphosis of the species (Coon and Bonar,
1987). We propose that metamorphosis of Ciona is regu-
lated by binding of NA and another type of receptor, 1-AR
(Figs. 4 and 5). We noted the colocalization of immuno-
staining patterns with anti-1-AR antibodies and the expres-
sion pattern of GFP in all nerve fibers from the anterior
portion of the adhesive papillae to the tail of the larvae
transfected with pBS-sytpr-GFP (Figs. 6 and 7). This means
that 1- AR is located on almost all nervous systems in
swimming and metamorphosing larvae (see Fig. 8). In as-
cidians, development of the central nervous system (CNS) is
similar to that in vertebrates, though ascidian CNS consists
of about 80 neuronal cells (Nicol and Meinertzhagen, 1991).
Several types of peripheral nervous systems were found in
ascidian larvae (Takamura, 1998), but functions of almost
all of the nervous system are unknown. The present finding
that 1-AR was expressed on the nervous system may
provide important information as to the role of interactions
between neurotransmitters and adrenergic receptors, not
only the metamorphosis, but also general neural functions in
ascidians.
The signal pathway which propagates from the starting
Fig. 8. Diagram showing the localization of noradrenaline (NA) or adren-
aline (AD) and 1- adrenergic receptor in Ciona larvae. The larval nervous
system was separated into five parts: neuron (nap) in the adhesive papillae
(ap); neuron (nf1) between the adhesive papillae and brain vesicle; brain
vesicle (bv); visceral ganglion (vg); and neuron (nf2) in the tail (t). NA or
AD (NA/AD) localized in nf1, bv, and vg (white bar; see Fig. 3). 1-
Adrenergic receptor (AR) localized in all nervous system, including ap,
nf1, bv, vg, and nf2 (black bar; see Figs. 6 and 7). Thus, stimulation of
environmental cues (EC) may lead to a release of neurotransmitters (NA/
AD) in the nervous system in the trunk region (tr) through unknown signals
occurring at the adhesive papillae (ap). The neurotransmitters may bind to
the 1-adrenergic receptor in the nervous system in the trunk region as well
as other regions, the adhesive papillae (ap) and tail (t), triggering tail
resorption.
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point, the adhesive papillae, to the end of tail at the initiation
of metamorphosis may begin by receiving stimuli from the
environment (EC in Fig. 8) in ascidian larvae (Hirai, 1964).
Several natural products, such as lumichrome and urochor-
damine, etc., derived from larvae and adult ascidians were
proposed to be factors triggering the initiation of metamor-
phosis (Tsukamoto et al., 1993, 1999). Target organs for
these factors are unknown, but our study suggests that NA
or AD is synthesized and secreted from neurons behind the
adhesive papillae, around the brain vesicle and visceral
ganglion. 1-AR is expressed in neurons in all of the ner-
vous system, from the adhesive papillae to the tail (see Fig.
8). It is generally known that NA or AD is released from the
nervous system and reaches the region close to the origin
when acting as neurotransmitters. In ascidian, metamorpho-
sis, it is still not clear how the neurotransmitters and the
specific adrenergic receptor control the event. In the ascid-
ian larvae, NA or AD may bind with 1-AR near the neuron
which contains the enzyme for synthesis of the neurotrans-
mitters, DBH (nf1, bv, and vg in Fig. 8), and the binding
may lead to metamorphosis, i.e., tail resorption. In our
preliminary experiments, fragment of the tail could not be
shortened when NA was added, suggesting that 1-AR in
the tail is independent of metamorphosis. Since the larval
fragments missing the region of the adhesive papillae by
amputation could not shorten their tails by NA, it may be
possible that NA or AD can act on -AR in the nervous
system in the adhesive papillae and play a role in processes
of metamorphosis. Therefore, neurotransmitters synthesized
near brain vesicle (Fig. 8) may interact with -AR in the
nervous system in the trunk region, including the adhesive
papillae, leading to the metamorphosis of the ascidian larvae.
Bishop et al. (2001) showed that some signal, which
originates in the head region of the larvae, releases suppres-
sion of tail resorption by nitric oxide, resulting in the meta-
morphosis in the ascidians Boltenia villosa and Cnemido-
carpa finmarkiensis. It is also notable that a protein called
Hemps secreted from papillae-associated tissue is consid-
ered to play some role for metamorphosis in the ascidian
Herdmania curvata (Eri et al., 1999). As described above,
our results from treatment of fragmented larvae with NA
also indicated that some signal from anterior of the trunk is
necessary for promotion of tail resorption by NA.
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